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ABSTRACT
The development of devices with high efficiencies can only be attained by tandem
structures which are important to the advancement of thin-film photoelectrochemical (PEC) and
photovoltaic (PV) technologies. FSEC PV Materials Lab has developed a PEC cell using
multiple bandgap tandem of thin film PV cells and a photocatalyst for hydrogen production by
water splitting. CdS/CdTe solar cell, a promising candidate for low-cost, thin-film PV cell is
used as one of the thin film solar cells in a PEC cell.
This research work focuses on developing various back contacts with good transparency
in the infrared region (~750 - 1150 nm) for a CdS/CdTe solar cell. CdS/CdTe solar cells were
prepared with three different configurations,
Glass/SnO2:F/CdS/CdTe/ZnTe:Cu/ITO/Ni-Al (series 1),
Glass/SnO2:F/CdS/CdTe/Cu2Te/ITO/Ni-Al (series 2),
Glass/SnO2:F/CdS/CdTe/Br-Me etching/Cu/ITO/Ni-Al (series 3).
The back contact preparation process for a CdS/CdTe solar cell involves the deposition of
a primary p-type back contact interface layer followed by the deposition of transparent and
conducting ITO and a Ni-Al outer metallization layer. Back contact interface layers were initially
optimized on glass substrates. A ZnTe:Cu layer for a series 1 cell was deposited using hot wall
vacuum evaporation (HWVE). Cu2Te and Cu thin films for series 2 and series 3 cells were
deposited by vacuum evaporation. HWVE technique produced highly stoichiometric ZnTe:Cu
thin films with cubic phase having {111} texture orientation. All the back contact interface
layers demonstrated better transparency in the infrared region on glass substrate.
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Formation of crystalline phase and texture orientation were studied using X-ray
diffraction (XRD). The composition was analyzed by electron probe microanalysis (EPMA).
Transparency measurements were carried out by optical transmission spectroscopy. Thickness
measurements were carried out using a DEKTAK surface profile measuring system. Finally,
completed solar cells for all the series were characterized for current-voltage (I-V) measurements
using the I-V measurement setup developed at the FSEC PV Materials Lab.
The PV parameters for the best series 1 cell measured at an irradiance of 1000 W/m2
were: open circuit voltage, Voc = 630 mV, short circuit current, Isc = 7.68 mA/ cm2, fill factor, FF
= 37.91 %, efficiency, η = 3.06 %. The PV parameters for the best series 2 cell measured were:
Voc = 690 mV, Isc = 8.7 mA/ cm2, FF = 45.19 %, η = 4.8 %. The PV parameters for the best
series 3 cell measured were: Voc = 550 mV, Isc = 9.70 mA/ cm2, FF = 42.25 %, η = 5.63 %. The
loss in efficiency was attributed to the possible formation of a non-ohmic contact at the interface
of CdTe and back contact interface layer. Decrease in the fill factor was attributed to high series
resistance in the device.
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CHAPTER ONE: INTRODUCTION

The industrial revolution of the nineteenth century spawned a new age of technology that
placed increasing emphasis on energy for its growth. Fossil fuels like coal, oil and gas, the
conventional sources of energy, fueled the development of this technology. However, at the
present time these sources are dwindling, and would not support for long the ever-increasing
demand and hence finding replacements for the dwindling fossil fuel resources is of paramount
importance [1]. The search for other non-conventional sources of energy has thus gained
increased attention. In particular, the use of renewable energy sources that are essentially nonpolluting provides an attractive alternative.
1.1: Energy sources

The various energy sources available can be categorized into two types – nonrenewable
and renewable energy source. The nonrenewable energy source mainly comprises of fossil fuels
such as coal, oil, natural gas and nuclear energy. With the availability of abundant and
inexpensive fossil fuels, the world energy consumption has been increasing tremendously over
the century due to an increase in the human population. Although fossil fuels and nuclear energy
now meet about 95% of the world’s energy needs, each of these energy sources has its own
drawbacks when compared to renewable energy sources. The burning of fossil fuels produces air
pollutants like carbon monoxide, nitrogen oxide, sulphur dioxide, etc that can be detrimental to
the human health when inhaled over the long run [2]. Also in recent years researchers have found
increasing greenhouse effect from increasing CO2 and other gases to be significant contributing
factor to the current global warming [3]. Nuclear energy on the other hand has created concerns
1

about radioactive waste disposal. The various forms of renewable energy sources are solar
energy, hydroelectric energy, biomass energy, geothermal energy and wind energy. Out of all
these energy sources, solar energy is considered to be limitless, cheap and non-polluting. Even at
its distance of about 93 million miles, the sun is the dominant source of energy for our planet.
This massive hot body emits radiant energy called light which plays an important role for life on
our planet.

1.2 Solar cells

A solar cell is a semiconductor device such as a simple p-n junction diode that converts
solar energy to electrical energy when light is shone over it. A solar cell works on the principle
of photovoltaic effect. The photoelectric effect is the basic physical process by which a
photovoltaic (PV) cell converts sunlight into electricity. When light shines on a PV cell, it may
be reflected, absorbed, or pass right through. But only the absorbed light generates electricity.
The energy of the absorbed light is transferred to electrons in the atoms of the PV cell.
With their newfound energy, these electrons escape from their normal positions in the atoms of
the semiconductor PV material and become part of the electrical flow, or current, in an electrical
circuit. A special electrical property of the PV cell what we call a "built-in electric field"
provides the force, or voltage, needed to drive the current through an external "load," such as a
light bulb [4].
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1.2.1 Types of solar cells
Solar cells can be made from various types of semiconductor materials, deposited or
arranged in various structures, to produce solar cells that have optimal performance. The first
type is silicon, which can be used in various forms, including single-crystalline, multicrystalline,
and amorphous. The second type is polycrystalline thin films. Examples are copper indium
diselenide (CIS), cadmium telluride (CdTe), and thin-film silicon. Finally, the third type of
material is single-crystalline thin film. Example is gallium arsenide solar cells.
Single crystalline and polycrystalline solar cells currently available in the market are
mostly silicon solar cells. Single crystalline silicon solar cells are limited to about 25% efficiency
[5]. They are mostly sensitive to infrared light, and radiation in this region of the electromagnetic
spectrum is relatively low in energy. Several different processes can be used to grow a singlecrystal silicon. The most established and dependable processes are the Czochralski (Cz) method
and the float-zone (FZ) technique. Another process to fabricate single crystal silicon is "ribbongrowth" techniques.
Polycrystalline silicon solar cells are significantly cheaper to produce than single
crystalline cells but their efficiencies are also limited to less than 20% [6]. The multicrystalline
silicon can be produced in a variety of ways. The most popular commercial methods involve a
casting process in which molten silicon is directly cast into a mold and allowed to solidify into
an ingot.
Another type of Si solar cells available in the market is amorphous Si solar cells. They
are type of materials in which atoms are not arranged in any particular order. They don't form
crystalline structures at all, and they contain large numbers of structural and bonding defects. But
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they have some economic advantages over other materials that make them appealing for use in
solar electric, or PV systems. Amorphous silicon does not have the structural uniformity of
single- or multicrystalline silicon. Small deviations in this material result in defects such as
"dangling bonds," where atoms lack a neighbor to which they can bond. These defects provide
places for electrons to recombine with holes, rather than contributing to the electrical circuit.
Ordinarily, this kind of material would be unacceptable for electronic devices, because defects
limit the flow of current. But amorphous silicon can be deposited so that it contains a small
amount of hydrogen, in a process called "hydrogenation." The result is that the hydrogen atoms
combine chemically with many of the dangling bonds, essentially removing them and permitting
electrons to move through the material.
Another cost effective option is thin film solar cells as the quantity of semiconductor
material required for thin films is far smaller than for traditional PV cells and therefore the cost
of thin film manufacturing is far less than for crystalline silicon solar cells. Thin film solar cells
can be made on low cost substrates such as glass, polymer or plastic. The other advantages are
that they have a simple manufacturing process with the ability to achieve quite high conversion
efficiencies. There are several deposition techniques available for thin film manufacturing and a
noteworthy point here is that all the processes are less expensive compared to the complicated
and clean manufacturing procedures required for silicon solar cell manufacturing. Thin film
semiconductor materials that have been investigated so far are group III-V and II-VI and I-III-VI
compounds. III-V compounds mainly comprise of Gallium Arsenide (GaAs) but have not gained
much interest due to the high cost of production. In the II-VI and I-III-VI set of compounds,
cadmium telluride (CdTe) and copper indium diselenide (CIS) play a major role in thin film solar
cells manufacturing respectively. CdTe is one of the most promising absorbers (p-type film) for
4

solar cell fabrication due to its high absorption coefficient and a bandgap of ~1.5 eV which is
near the ideal bandgap required by a material to absorb most of the light from the sun.
SnO2/CdS/CdTe thin film solar cells manufactured by metal organic chemical vapor deposition
(MOCVD) with SnO2 as the transparent conducting oxide (TCO), chemical bath deposited
cadmium sulphide (CdS) as the n-type heterojunction partner layer and CdTe deposited by close
spaced sublimation (CSS) as the p-type absorber layer have recorded efficiencies of 15.8% [7].
CdS/CdTe thin film solar cell is described in detail in 1.3 section.

1.2.2 Tandem solar cells
Low cost electricity can be provided if module efficiencies of 15% or higher are
achieved. These efficiencies can be achieved if two p-n junctions in series placed on top of
another. This is called as tandem solar cell. Frass et al have obtained higher efficiencies of 34 %
with GaAs/GaSb mechanically stacked cell [8]. For a tandem solar cell to have higher
efficiencies, the top cell should have a higher bandgap to absorb light at shorter wavelengths and
transmit light at longer wavelength. The lower cell should have a lesser bandgap to absorb light
at longer wavelengths, for example with a 1.0 eV bottom cell, the ideal top cell has a band gap in
the 1.7 eV range [9]. Different types of tandem solar cell structures have been tried like the twoterminal structure or the four-terminal structure which are explained in the following section.
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1.2.2.1 Two terminal tandem solar cell structure
In a two-terminal tandem structure as shown in figure 1, both the bottom and the
top cells are grown as a series of layers one over another with an ohmic interconnect or an
encapsulant between the two cells that is highly conductive and transparent. The major problem
faced in a two terminal structure is that the photocurrents generated from both the cells must
match each other to achieve higher efficiencies. If this fails to happen, then the total current
generated would be equal to the lower current generated between the two cells.
Light

Substrate
Top cell

TCO layer
Window layer
Absorber layer
Encapsulant
Window layer

Bottom cell

Absorber layer
Back Contact
Substrate

Figure 1: Two terminal tandem solar cell structure
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1.2.2.2 Four terminal tandem solar cell structure
A four-terminal tandem structure is shown in figure 2 [9]. The only difference is
that each cell has its own independent terminals (p and n) unlike the two terminal structure.
Another advantage of using a four-terminal device is that the ranges of acceptable bandgaps that
produce the higher efficiency are considerably broader i.e., a bottom cell with bandgap of 1.0 eV
and a top cell with bandgap of 1.7 eV can give a combined efficiency of ~34 %. However, the
four-terminal cells are more complex to fabricate and to use.
Light

Substrate
Top cell

TCO layer
Window layer

Lids

Absorber layer
Encapsulant
Window layer
Bottom cell

Absorber layer
Back Contact
Substrate

Figure 2: Four terminal tandem solar cell structure
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1.2.2.3 FSEC multiple band gap tandem photoelectrochemical cell
Hydrogen is a clean and sustainable form of carrier of energy that can be used in mobile
and stationary applications. At present, major problem in producing hydrogen is the cost.
Moreover, cheaper ways to produce hydrogen (from natural gas) also produce green house gases.
Photoelectrochemical (PEC) methods for hydrogen production are of special interest because
solar energy is free, universally available and practically inexhaustible and photoelectrochemical
method is non-pollutant way of producing hydrogen. Presently efficient photoelectrochemical
(PEC) cells are too expensive while the efficiency of cheaper thin-film PV cell combined with
catalyst is limited because the overvoltage required for water splitting is too high. Through
present research work it is proposed to increase the PEC efficiency of thin-film photovoltaic
(PV) cell combined with catalyst by reducing overvoltage required for water splitting. This will
be accomplished by developing a back contact of a p-type transparent conducting layer for the
PV cell so as to transmit the photons not absorbed by PV cell and using photocatalyst that can be
activated with infrared photons transmitted through the PV cell for efficient oxygen evolution.
As a part of the NASA Hydrogen project for Florida Universities, the FSEC PV Materials
Lab has developed a photoelectrochemical (PEC) cell using multiple bandgap combination of a
thin-film photovoltaic cell and photocatalyst. A PEC cell is used to produce hydrogen by
splitting water into hydrogen and oxygen using electric current generated by solar cells. A PEC
set up is shown in Figure 3. It consists of two illuminated solar cells (CdTe and CIGS2), a
photoanode deposited on titanium sheet for oxygen evolution and a platinum foil cathode for
hydrogen evolution.
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Ru(1-x)FexS2
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Figure 3: Two cell PEC set up
Different combination of cells, i.e. two CdTe cells or a combination of CdTe and CIGS2 cells
can be used. The effort presented in this research is different and distinct from the development
of two-junction thin-film PV tandem cells typically with individual absorber bandgaps of ~1.0
eV and 1.7 eV that have to be grown one on top of the other as described in sections 1.2.2.1 and
1.2.2.2. Instead, the PEC cell is using a multiple band gap tandem of thin film solar cells and a
photoanode. The band gap of thin film solar cells (CdTe and CIGS2) is in the range of ~1.5-1.7
eV. Therefore, photons of energy >1.5-1.7 eV are absorbed by the PV cell but photons below this
range remain unabsorbed. They can be utilized by using a photoanode of bandgap 1.1 eV, thus
opening the possibility of an efficient multiple bandgap combination of thin-film photovoltaic
cell and thin-film photocatalyst for production of hydrogen and oxygen by water splitting more
9

efficiently [10]. A p-type transparent and conducting layer has to be deposited at the back of PV
cell to transmit the unabsorbed photons onto the photocatalyst for efficient oxygen evolution.
This research focuses on developing p-type transparent and conducting back contact layer for
CdS/CdTe thin film solar cells.

1.3 CdS/CdTe solar cells

Polycrystalline thin film cadmium telluride (CdTe) solar cells are among the most
promising candidates for large-scale application of photovoltaic energy conversion because it has
shown laboratory efficiencies of 16.5 % and module performance of over 10% [11]. In addition,
CdTe solar cells with efficiencies over 11% have been made by a variety of deposition methods,
and several of these methods have been adapted to module manufacturing. CdTe is a direct
bandgap material (Eg ~ 1.5 eV at room temperature) [11] with a high absorption coefficient
(above 105 cm-1 at the wavelength of 700 nm). A two micron thick layer of CdTe absorbs more
than 90 percent of the incident light with the photon energy higher than the bandgap.

1.3.1 Device structure
CdTe devices are usually fabricated in a superstrate configuration where the light is
incident through the glass substrate. A typical superstrate-type device structure is shown in
Figure 4 [12]. A transparent conducting oxide (TCO) layer is deposited directly on the glass and
serves as a front contact. Soda lime float glass panels already coated with SnO2:F are
commercially available. Commercially available soda lime float glass can also be coated with
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indium tin oxide (ITO). Both coatings provide transparency of the glass/TCO substrate above 80
percent in the spectral range of interest and low sheet resistance.
photons

Substrate
SnO2:F
CdS
CdTe
Back Contact
Ni/Al grid
Figure 4: CdS/CdTe superstrate structure
Deposition of thin polycrystalline CdTe layers on the top of the CdS layer for solar cells
has been successfully performed by using various methods, such as electrodeposition, close
space sublimation (CSS), vapor transport deposition, radiofrequency magnetron sputtering, spray
pyrolysis, screen printing, and laser deposition. A high deposition rate as well as scalability has
been demonstrated for all these methods. Although CdTe can be doped both p and n-type, CdTe
homojunction cells have not shown very high efficiencies. Due to the high absorption coefficient
and small diffusion length, the junction must be formed close to the surface, which reduces the
carrier lifetime through surface recombination. Considerably higher efficiencies are obtained by
using n-CdS/p-CdTe heterojunctions.
11

The CdS layer serves as a heterojunction partner layer and helps to reduce the interface
recombination. The CdS layer is usually deposited by chemical bath deposition (CBD) method or
CSS method. Without special doping the CdS film has significantly higher carrier concentration
(~1016 – 1017 cm-3) than the CdTe adjacent to the interface (~1014 – 1015 cm-3). As a result the
built-in potential is applied mostly to the CdTe absorber layer, providing effective separation of
the photogenerated carriers.
All processing technologies currently used for CdS/CdTe solar cell fabrication include
postdeposition heat-treatment with the CdCl2 application. Many investigations have shown that
CdCl2 treatment promotes CdS and CdTe films recrystallization and leads to a significant
increase in grain size [13]. It also promotes diffusion of sulfur in CdTe with the CdTe1-xSx
ternary phase creation. The latter effect widens the CdTe absorption spectrum towards longer
wavelengths increasing photocurrent [13]. It is also believed that sulfur present at the grain
boundaries “passivates” the recombination centers located in these regions.
A final step in the solar cell fabrication is application of the electrical contact to
the CdTe layer (the cell back contact). One of the major issues in fabricating high efficiency
CdS/CdTe device is to form stable and low resistance back contact for CdTe. Various back
contact materials have been used for the back contact formation. Back contact materials and
problems in developing back contacts are discussed in more detail in the next section.
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1.4 CdTe back contacts

1.4.1 The contact problem
The formation of a stable, reproducible, low resistance contact to p-CdTe is one of the
major problems in the fabrication of efficient solar cells. The reasons are discussed in detail in
the succeeding sections.

1.4.1.1 High work function of CdTe

A barrier-free contact to a p type semiconductor is obtained when the work function of
the metal is greater than that of the semiconductor. The electron affinity of CdTe has been found
to be approximately 4.5 eV and the distance between the conduction band and the Fermi level, in
the case of p-CdTe, can be estimated to be 1.38-1.48 eV [14]. Thus the value of the work
function is ~5.9 eV. In Table 1, some of the most commonly used metals for contacts are
presented [15]. As it is evident, no metal presents a value that can help to reduce the barrier
height sufficiently to even make a quasi-ohmic contact, and thus most of the contacts to p-CdTe
are rectifying. Metals such as gold, nickel, carbon (graphite), and platinum have been used,
although the contact resistivity is either not low enough or the stability of the contact for solar
cell purposes is questionable. The approaches used to overcome this limitation are discussed
further.
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Table 1: Metals – Work Functions.
Metal

Work Function (eV)

Mo

4.2

Ag

4.7

Al

4.4

Au

5.1

Co

5.0

Cu

4.65

Ni

5.15

Pd

5.1

Pt

5.6

1.4.1.2 The Doping Problem

Since it is not possible to employ a metal with very high work function to obtain an
ohmic contact, it is essential to form a tunnel junction between highly doped p+ and n+ regions.
However, the difficulty to heavily p-type dope CdTe is another limitation. The problem of
satisfactory doping limits the maximum Voc obtainable from the device. Other advantages of a
higher carrier density are reduction in photoconductivity and in atmospheric insensitivity. This in
turn improves the time stability of electronic properties. In CdTe the carrier density is controlled
to a large extent by native defects, with or without extrinsic doping. Native defects act as donors
and acceptors with cadmium and tellurium vacancies or interstitials acting as acceptors and
donors respectively. Extrinsic dopants influence the electrical characteristics of the materials if
they are present as single ionized impurities or as part of complexes with a native defect. A
14

prominent example is the Vcd-ClTe complex, identified as an acceptor. In single crystalline
CdTe single crystal doping concentrations in the range of 1017 - 1018 cm-3 has been obtained by
the in diffusion of both p-type and n-type impurities. By incorporating group III materials such
as indium, gallium, and aluminum during crystal growth, donor densities of 2*1018 cm-3 have
been obtained, depending on Pcd [15]. Group V elements such as phosphorous and arsenic can be
readily incorporated during crystal growth and acceptor concentration of 6*1017 cm-3 has been
realized. Group IA elements also provide shallow acceptor levels in single crystal CdTe.
Introduction of sodium and lithium has yielded carrier densities of upto 1019 cm-3 by
incorporation during growth or during subsequent incorporation by diffusion. Group IB metals
(noble metals) like gold, silver, and copper have also been successfully used to dope CdTe,
although their activity is quite complex. Carrier densities higher than 1017 cm-3 are usually
adequate to produce pseudo ohmic contacts with minor series resistance losses on single
crystalline p-CdTe based cells, but the problem of doping is more severe in the case of a
polycrystalline material. In a polycrystalline material, excessive series resistance arises from
potential barriers both at the grain boundaries and at the p-type ohmic contact. The heights of
these barriers are controlled not only by the impurity and dangling bond states, but also by the
carrier density in the bulk adjacent to the barriers. In addition the doping control is difficult
because, the oppositely charged grain boundary states effectively compensate the dopant. For
large grain-boundary potential barriers the effective carrier density is substantially reduced by
the presence of grain boundary depletion regions and the effective mobility is strongly reduced
by the grain-boundary barriers [16]. The surface-recombination velocity, a very important
parameter in thin films, reduces with the reduction in the barrier height, indicating that sufficient
doping is needed for fabricating cells with high conversion efficiencies. Owing to the above
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reasons, very limited success has been obtained in doping polycrystalline CdTe p-type. Attempts
at doping during growth have been limited to carrier densities of 1015-1016 cm-3 (intrinsic) [17].
Chu et al [18] reported the introduction of phosphorous and arsenic during MOCVD giving a ptype resistivity of 200 Ω cm and carrier density of 1016 cm-3 depending on controlled
stoichiometry. The use of antimony during growth has also been unsuccessful due to lack of Sb
incorporation by substitution. High Sb amounts also lead to an abrupt reduction in resistivity
(high conductivity) due to antimony precipitation. Elements such as Li, Cu, Hg and gold have
been used with limited good results but are questionable for use in CdTe for devices. Some work
has been done in doping CdTe p-type by introduction of As in the form of AsH3 by MOCVD but
was very ineffective due to compensation effects and complex formation [19].

1.4.2 Contact approaches
Most of the common approaches used to form ohmic or pseudo ohmic contacts fall under
four general methods:
1. Utilization of a contact material with the proper work function, to provide a low barrier height
at the contact,
2. Heavily doping the semiconductor adjacent to the contact to promote tunneling,
3. Adding recombination centers to the semiconductor adjacent to the contact, and/or
4. Changing the Fermi level pinning at the metal-semiconductor interface.
Of the methods mentioned above, not all have proved suitable for CdTe. In method 3,
recombination centers are created within the junction barrier to promote multi-step tunneling.
This is done by applying a short and intense electrical discharge to the junction. The resulting
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imperfections however cause a decrease in the carrier density. Thus there is no appreciable
reduction in the series resistance, Rs.
The fourth alternative of altering the Fermi level pinning at the surface is a fruitful
approach and liquid junctions can provide such an unpinned surface to which ohmic contacts can
be made. The use of this approach is unfortunately useful only for laboratory characterization
and its ultimate stability is open to question. Thus most of the contacts are formed predominantly
by the first two methods. As no metal has a work function as high as CdTe, a variation of the
first method is used. This involves interposing a layer of another semiconductor at the contact,
which forms a pseudo ohmic contact to the metal more easily. The important consideration is the
match required in the electron affinities of CdTe and the interposed semiconductor. In general
most contacts to CdTe are a combination of the alternatives to work function (Φb) choice, doping
and surface charge modification. In the second method pseudo-ohmic contacts are formed by
doping the CdTe adjacent to the contact highly p-type to promote tunneling. This is usually done
by modifying the CdTe surface to be Cd deficient, whereby dopants can be incorporated to
occupy the vacant Cd sites.

1.4.3 Back contacts to CdTe
Back contacts for CdTe can be categorized into two categories: 1) using copper in back
contact and 2) copper free back contact. Both types of contacts are described in this section.
Finally a literature review of the contacts used in this research work has been carried out.
Contacts that rely on quantum-mechanical tunneling at the contact interface are usually
produced by doping the semiconductor heavily at the contact interface. Unfortunately, this
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approach is limited by the inability to produce a p-CdTe layer with sufficiently high p+ doping
because of acceptor compensation. An alternative technique to form ohmic contacts is to use a
separate interfacial layer between the metal contact and the p-CdTe, such as CdTe:Te, Cu2Te,
ZnTe:Cu, or HgTe or by processes in which the contact materials such as Cu/Au layers or carbon
paste containing Hg or Cu salts are applied to a suitably prepared surface and then heated. The
interfacial layer must provide both a negligibly small valence-band discontinuity with the pCdTe, and also be able to be doped highly p-type (~1018-1019 cm-3) at the outer metal contact to
facilitate low resistance tunneling. Pseudo-ohmic contacts to CdTe films for thin film CdS/CdTe
solar cells have been made by evaporation of Au-Cu alloy, and by evaporation of the Au-Cu2Te
layer [20]. The Cu diffusion into CdTe probably forms a heavily p-type doped surface layer to
promote tunneling through the metal-semiconductor barrier, leading to an ohmic contact
behavior. During the stability test at room temperature, an appreciable amount of Cu and Te
diffused out through the Au layer and accumulated at the surface. The compositional change of
the Au-Cu2Te/CdTe interface resulted in degradation due to an increase in the series resistance of
CdS/CdTe solar cells with Au-Cu2Te contacts to CdTe film. The diffused Cu contact process
consists of deposition of a Cu layer on the CdTe surface, heat treatment of the entire structure,
etching, and application of the desired current-carrying contact material. Back contacts have also
been deposited with wet etching method. The etchant forms a conductive layer on the CdTe
consisting of either elemental tellurium or copper telluride of composition CuxTe. The contacting
process discretely separates Cu diffusion doping of the CdTe layer from the formation of a
conductive surface, permitting independent control of each step. The process is applicable to
CdTe devices made by different methods. Open-circuit voltage, Voc and bulk series resistance,
which are related to doping of the CdTe layer, can be controlled by the treatment time. Copper
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acts as a substitutional acceptor for Cd, thus increasing the doping concentration near the surface
of p-type CdTe to form a good ohmic contact. Cu also may form interstitials or Cu defect
complexes that can act as recombination centers. Cu in CdTe can diffuse into the underlying CdS
layer, causing a decrease in cell performance. The use of Cu forms a better ohmic contact on
CdTe. However, excess Cu may diffuse into the CdTe film and short the device. Cu diffusion
could form shunt paths or recombination centers to degrade cell performance. The copper
observed in the CdTe arrives by diffusion during the metallization process and not as result of
heat treatment. For polycrystalline CdTe solar cells, the penetration of the copper into the CdTe
may be enhanced by diffusion along grain boundaries. The thickness of copper plays a critical
role in the CdTe solar cell performance with Au/Cu contacts. Increase in copper thickness results
in a better ohmic contact which reduces the Rs, but the excess copper causes shunt paths or
recombination centers, which tend to lower the shunt resistance, Rsh and cell performance. Thus
a greater thickness of copper increases the Cu-density in the cell, reduces shunt resistance, Rsh
and leads to degradation in cell performance. Also, tellurium has been tried as a back contact
material for CdS/CdTe solar cells. However, it caused stability problems. In such cells the
primary mode of degradation was a loss of open circuit voltage, the degradation rate was
strongly dependent on temperature and the degradation was not reversible. Similar results were
obtained using gold or nickel electrodes. A graphite electrode indicates good stability when
adequately encapsulated. The principal mode of degradation, which an unencapsulated cell using
this improved electrode can exhibit, is an increase in series resistance due to an overexposure to
humidity.
There are some copper free contacts that have been tried to form ohmic contact with
CdTe such as Sb2Te3 and Ni-P [21]. The development of a Cu-free contact technology involves
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the incorporation of other materials in CdTe to dope it p-type, or the use of other semiconductor
materials that could provide the proper interface between the CdTe and the metal. Group-I
elements (transition) can provide p-type doping by replacing Cd in the lattice, whereas Group-V
elements can perform the same by replacing Te in the lattice. Although straightforward in
concept, as discussed earlier, the incorporation of these elements in poly crystalline CdTe is
difficult. Some of the elements of interest that have been incorporated in single crystalline CdTe
during growth include antimony (Sb), arsenic (As), nitrogen (N), or phosphorous (P).
Unfortunately, the translation of these processes to polycrystalline CdTe has not yet been
successfully achieved. The various copper free back contacts that have been tried are based on
Ni-P and Sb2Te3.

1.4.3.1 ZnTe:Cu contact

As suggested earlier, an interlayer of another suitable semiconductor could help in
providing a good ohmic contact. For this application, the interposed semiconductor must provide
both a negligibly small valence band discontinuity with the p-CdTe, and also be easily doped
heavily p-type at the outer metal contact, to promote tunneling. Zinc Telluride, a p-type
semiconductor with a direct band gap of ~2.2 eV has been used for this purpose. The formation
of ohmic contacts to ZnTe is easier due to its lower work function and the ability to dope it
highly p-type. Another attractive quality of ZnTe is the very low valence band discontinuity of –
0.14 eV with CdTe [22]. Thus it provides no hindrance to the flow of holes towards the contact.
Zinc telluride films have been fabricated by a variety of techniques such as including thermal
evaporation of ZnTe and Cu from two sources [23], RF sputtering [22], thermal evaporation [24]
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and electrodeposition [25]. ZnTe is more easily doped by group V elements such as P, As, and
Sb than CdTe. However, copper is used to dope ZnTe for contact applications due to the added
advantage of doping the CdTe bulk as compared to the group V materials. Carrier concentrations
of 1019-1020 cm-3 have been obtained in ZnTe:Cu films [26]. Figure 6 shows the energy band
diagram elucidating the main components and function of p-ZnTe: Cu interface layer. A number
of research group have fabricated solar cells with ZnTe:Cu contacts, exhibiting conversion
efficiencies greater than 10%. Gessert et al, at the National Renewable Energy laboratory
(NREL) obtained cells with efficiencies of 12.1% [27]. Cu doped ZnTe films were fabricated by
RF sputtering from a compound target of ZnTe and Cu where the Cu concentration was
controlled. Studies on the electrical and compositional properties of the sputtered films indicated
that a composition of Te: (Cu + Zn) of unity provided films with lowest resistivities. At higher or
lower values excess Cu or Te reduced the electrical quality of the film.

Figure 5: Band diagram of CdTe/ZnTe interlayer
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For use in CdS/CdTe solar cell contact fabrication, a Cu concentration of 6 at% provided
the best results. It is believed that an alloy formation of CuxZn1-xTe where x = 0.6 possesses
improved intra-grain quality compared to the films that contain excess Cu or Te. It was also
observed that although the films had the highest electrical quality the doping efficiency of Cu
was less and there was some inactive copper remaining. Thus the possibility of Cu diffusion
toward the CdS/CdTe junction with time becomes imminent. Tang et al proposed a vacuum
evaporation method of forming ZnTe/Cu/ metal contacts with conversion efficiencies as high as
12.9% [28]. The effect of ZnTe and Cu thickness, the post deposition anneal and the effect of the
final metal contact were studied. It was observed that a copper concentration of 4.3 – 7.5%
provided similar results above which the fill factor, FF reduced. Post deposition anneals of 200ºC
and below were found to be necessary to obtain high efficiency cells. Ni and Au, the final metals
used for fabricating cells, interestingly showed very different results with the Ni contacted cells
always providing lower open circuit voltage, Voc and fill factor, FF. Studies performed on the
ZnTe contacts indicate that the stability of these cells varies with the kind of final metal layer
deposited on them in addition to being critically dependent on the free copper content in the
ZnTe [28]. Cells with Cu in excess of 6 at% in ZnTe showed greater degradation due to the
migration of copper to the junction. Further, cells with Au metal layer were found to be more
stable from an efficiency standpoint, although the cells with Ni showed slower series resistance,
Rs and doping level degradation. This was attributed to the inter-diffusion at the ZnTe/Metal
layer in the case of Au cells, which seemed to act as a “getter” for copper. Thus less copper was
free to diffuse towards the junction. Thus the stability studies indicate that the effectiveness of
the ZnTe contact is questionable due to the similar problems of the Cu/Au contact, although less
severe.
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1.4.3.2 The Cu2Te contact

Contacts that use elemental Cu are characterized by the formation of a p+ CuxTe layer at
the interface between CdTe and the metal. The Cu2Te layer on CdTe has been deposited by a
process such as sputtering from a compound target of Cu2Te. The objective of this method was
to limit the amount of free Cu, and as a consequence, reduce the degradation of the junction with
time. X-ray energy dispersive analysis (XEDS) analysis of Cu2Te films on glass suggested that
stoichiometric compositions were obtained at a deposition temperature of 250º C. Higher
temperatures lead to copper-rich stoichiometry. The contact characteristics, and hence the device
results, were influenced by temperature of Cu2Te deposition, thickness, and the post deposition
annealing. The effect of Cu2Te deposition on open circuit voltage and fill factor is shown in
Table 2 [29].
Table 2: Effect of Cu2Te Deposition Temperature on Cell parameters
Substrate Temperature (ºC)

Voc (mV)

FF (%)

200

791

65.3

250

825

69.3

300

700

54.7

350

346

34

These results suggest the existence of an optimum temperature of 250ºC for best device
performance, which corresponds to the temperature at which the correct stoichiometry was
observed. Higher temperature leads to shunted devices, probably due to the excess copper
diffusion towards the junction. The post deposition anneal was important in that it provided
small amounts of free Cu, that might be present to dope the CdTe. The major advantage of the
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Cu2Te contact by sputtering is its ability for large-scale manufacture [30]. In addition, it also
provides better coverage of CdTe. This in turn could improve the short-circuit current Jsc
obtainable from the cell.

1.4.3.3 Etching contact

Etching is a process by which material is removed from a given substrate by chemical
reaction with a reagent material called an etchant. The etching of CdTe surface is a standard
critical step in the process of contact fabrication. It is usually performed prior to contact
fabrication. Etching CdTe prior to contact application has found to be necessary to obtain better
contact formation. The most widely and successfully used approach for CdTe etching has been
wet chemical etching in a suitable solvent. A number of solvents such as bromine in methanol,
HNO3/H3PO4/H2O and K2Cr2O7/H2SO4 solutions, have been used for this purpose [31]. The
basic mechanism of these etching solutions is the selective removal of cadmium, leaving either a
tellurium-rich layer or a conductive tellurium film. This helps reduce the contact resistance of the
resulting contact. It is followed by an evaporation of copper which may form a very thin layer of
highly p-type CuxTe at the surface and also copper may diffuse into CdTe making it more p+type thus forming an ohmic contact of CdTe.
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CHAPTER 2: EXPERIMENTAL

2.1 Device structure

The CdS/CdTe device structure used in this research work has superstrate configuration
shown in figure 6.
Back contact

CdTe

CdS

In

SnO2:F
Soda lime glass substrate

photons

Figure 6: CdS/CdTe device configuration

CdS/CdTe samples were procured from a solar cell manufacturer with configuration,
Galss/SnO2:F/CdS/CdTe. Here soda lime glass substrate coated with transparent and conducting
Sno2:F layer is used to form a front contact. CdS heterojunction partner layer (n-type) and CdTe
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absorber layers (p-type) are coated by vacuum transport deposition process. This is followed by
CdCl2 treatment.
Small samples of size 2.5 cm x 2.5 cm were cut from larger samples obtained from the
solar cell manufacturer. CdTe solar cell devices were prepared using three different back contact
interface layers namely ZnTe:Cu, Cu2Te and bromine methanol etching/Cu. The configurations
for three different series are given below,
Glass/SnO2:F/CdS/CdTe/ZnTe:Cu/ITO/Ni-Al (Series 1),
Glass/SnO2:F/CdS/CdTe/Cu2Te/ITO/Ni-Al (Series 2),
Glass/SnO2:F/CdS/CdTe/Br-Me etching/Cu/ITO/Ni-Al (Series 3).
Back contact processing, deposition methods and processing conditions for each layer in the
device are described in the following sections.

2.2 Back contact interface layer

The back contact interface layers for all the series were deposited by vacuum
evaporation. The chamber was pumped to a base pressure of lower ranges of 10-5 Torr with a
liquid-nitrogen trap, diffusion pump and mechanical pump combination. The substrate was
placed in the high vacuum chamber with a boat containing the material to be deposited. A high
electrical current was applied through a metallic crucible. The crucible which offers resistance to
current flow is heated beyond a vapor pressure of 10-2 Torr of the material, thereby causing
material in the boat to evaporate and condense on the substrate. Tungsten and molybdenum boats
were used for evaporation of materials. The tungsten boat was used for deposition of copper and
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Cu2Te as the temperature required to reach a vapor pressure of 10-2 Torr is ~1257 0C and the
tungsten boat reaches up to a maximum temperature of 1800 0C at a power of 260 W and a
current of 120 A. The molybdenum boat was used for deposition of ZnTe as temperature
required to reach vapor pressure of 10-2 Torr for ZnTe is in the range of 767-967 0C and
molybdenum boat reaches up to maximum temperature of 1400 0C at power, 375 W and current,
270 A. Initial depositions were carried out to optimize deposition parameters for ZnTe:Cu,
Cu2Te and Cu thin films.

2.2.1 Series 1
The ZnTe:Cu back contact interface layer (series1) was deposited by hot wall
vacuum evaporation (HWVE) technique. The principle advantages of hot wall technique are
economy of the material, better stoichiometry through the maintenance of adequate evaporant
partial pressures and better uniformity of film thickness [32]. A schematic diagram of the hot
wall set up is shown in Figure 7. Details for construction of the hot wall are described in the
following section. As mentioned earlier, molybdenum and tungsten boats were used for
evaporation of ZnTe powder (purity 99.999%) and Cu powder (purity 99.999%). Initial
depositions were carried out on 10 cm x 10 cm size glass substrates. Also the thickness
distribution was calculated using cosine law immediately above and at the edges of the 10 cm x
10 cm glass substrate. The thickness of ZnTe layer was optimized to 5000 Å. The molybdenum
crucible with ZnTe material was weighed before and after deposition and amount of ZnTe
material evaporated was calculated during deposition and used for calculation of required
amount of copper to be evaporated. The following deposition parameters were used for

27

deposition of ZnTe:Cu layer, hot wall temperature – 350 0C, substrate temperature – 300 0C,
deposition time = 7 minutes, after deposition annealing for 30 min at 300 0C, Amount of copper
= 6 at%. The deposition parameters were optimized for ZnTe:Cu back contact interface layer on
glass substrate first for substrate temperature of 300 0C and then same parameters were used for
completion of series 1 cells.

Heater

Heater
Chamber

Chamber

Substrate

Substrate

S.S. shield

S.S. shield

Hot wall

Hot wall

W boat for
Cu
evaporation

Mo boat for
ZnTe
evaporation

W boat for
Cu evaporation

Mo boat for
ZnTe evaporation

To diffusion and
mechanical pump

To diffusion and
mechanical pump

Figure 7: Schematic diagram of hot-wall vacuum evaporation set up

2.2.1.1 Construction of hot-wall set up

The hot wall was constructed using fused quartz glass tube. A kanthal heating element
ribbon was wound tightly on the quartz glass tube for heating. Front and top view of hot wall set
up are shown in Figure 8. A glass tube was surrounded with the inner stainless steel (S.S.) metal
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shield and outer S.S metal shield to prevent heat reaching towards vacuum chamber wall. The
S.S. metal substrate holder rested on an inner metal shield. The distance kept between source and
substrate was 15 cm. Ceramic stubs were used to isolate the two metal shields. A stainless steel
metal substrate was fabricated with two slots, one for holding substrate and another for holding
the glass piece coated with molybdenum layer for measuring temperature of substrate. Chromelalumel type K thermocouples were used to measure temperatures of hot wall and substrate. The
thermocouples were glued to the hot wall and the Mo -coated glass with high temperature glue.
The temperatures of hot wall and substrate were varied with two separate variable transformers.
A four-pin vacuum feed through was used to make electrical connection between hot wall and
substrate heater to their respective variable transformers

Figure 8: Front and top view of hot-wall set up
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2.2.2 Series 2
A cuprous telluride (Cu2Te) back contact interface layer used for series 2 samples was deposited
by vacuum evaporation. A tungsten boat was used for evaporation of Cu2Te powder (purity
99.5%). Amount of cuprous telluride required to evaporate was calculated for required amount of
thickness using cosine law. Initial depositions were carried out on 10 cm x 10 cm size glass
substrate and measured for their transparencies. Also the thickness distribution was calculated
using cosine law immediately above and at the edges of the 10 cm x 10 cm glass substrate.

2.2.3 Series 3
The back contact interface layer for series 3 samples was prepared by etching CdTe
samples in the standard bromine-methanol (Br2:CH3OH) solution followed by deposition of Cu
by vacuum evaporation. Tungsten boat was used for evaporation of Cu powder (purity 99.999%).
Amount of copper powder required to be evaporated was calculated using cosine law for
required amount of thickness. Initial depositions were carried out on 10cm x 10cm glass
substrate and measured for their transparencies. Also thickness distribution was calculated using
cosine law immediately above and at the edges of the 10 cm x 10 cm glass substrate. Various
bromine-methanol solution concentrations were used for etching of CdTe samples and also
amount of copper evaporated varied to deposit copper films with different thicknesses.
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2.3 Substrate preparation

10 cm x 10 cm size soda lime float glass pieces were used as a substrate in initial
experiments for optimizing parameters for deposition of ZnTe and Cu2Te and Cu thin films. The
glass piece was kept in the aluminum tray containing solution of soap and water (1:1) and
subjected to ultrasonic cleaning for 15 minutes. The substrate was removed and thoroughly
cleaned with flowing tap water to remove any traces of soap followed by rinse in distilleddeionized water. The tray was cleaned and substrate was transferred back in the tray.
Isopropanol was poured in the tray and the substrate was again subjected to ultrasonic cleaning
for 10 minutes. The substrate was then rinsed thoroughly in deionized water and was finally
blow-dried with jet of compressed nitrogen gas. The actual cell samples (CdS/CdTe) procured
from the solar cell manufacturer used for final cells were first washed with deionized water and
then blow-dried with jet of compressed nitrogen gas. Some of the samples were etched in dilute
(10%) HCl solution followed by washing in deionized water and blow-dried with jet of
compressed nitrogen gas.

2.4 Deposition of transparent and conducting ITO layer

The transparent and conducting ITO layer was deposited after deposition of back contact
interface layers for series 1, 2 and 3 cells. Samples deposited with back contact interface layer
were kept in high vacuum overnight prior to deposition. A transparent conducting layer of ITO
with thickness of 4500 Å was deposited using RF magnetron sputtering. Parameters for
deposition of ITO were: power 300 W, argon till the pressure read 0.75 mTorr and oxygen till
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the total pressure read 1.5 mTorr, deposition time = 90 seconds per movement of 1/2” of
substrate.

2.5 Deposition of Ni/Al contact fingers

The solar cells were completed by vacuum deposition of Ni/Al contact figures through
metal masks in the electron beam evaporation system. First, nickel was deposited with 500 Å
thickness followed by deposition of aluminum with 3 µm thickness. Thickness of the deposition
was controlled using thickness monitor. The parameters while depositing nickel were, electron
beam current 60 mA, 15.8 % power, deposition rate 3.2 Å/sec. Deposition of nickel was
followed with deposition of aluminum with a electron beam current of 150 mA, 17.7 % power
and a deposition rate of 16 Å/sec.

2.6 Mechanical scribing and forming P and N type contacts of the completed cell:

After deposition of complete cell, sample was mechanically scribed with a stainless steel
blade forming 0.40 cm2 small area cells. The cell was scribed to the depth of CdTe layer because
electrons are not going to travel on the sideways due to high shunt resistance. Small dots of high
conducting epoxy were applied on the cell to form p-type contacts. The cell was scribed till the
SnO2 layer followed by soldering of indium metal to form n-type contacts.
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2.7 Materials characterization and solar cell measurements

The crystallinity and orientation of the ZnTe:Cu film was analyzed by X-ray diffraction
(XRD) at the Materials Characterization Facility of the Advanced Materials Processing and
Analysis Center (AMPAC). The composition of ZnTe:Cu film was analyzed using electronprobe microanalysis (EPMA) at National Renewable Energy Laboratory (NREL). The film
thickness was measured on DEKTAK profilometer. Transparency measurements were carried
out by optical transmission spectroscopy. Current-voltage measurements of completed solar cells
were carried out by current-coltage measurement set up developed at the FSEC PV Materials
Lab.
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CHAPTER 3: RESULTS AND DISCUSSION

3.1 Optimization of back contact interface layers on glass substrate

3.1.1 Optical transmittance measurements
Transparent and conducting back contacts developed on CdS/CdTe solar cells for PEC
multiple bandgap tandem cell must be transparent in the infrared region (~750-1150 nm). All the
back contacts developed for CdS/CdTe solar cells were developed on glass initially and
characterized for their optical transparency.
ZnTe:Cu back contact interface layer for series 1 cells was deposited using hot wall
vacuum evaporation (HWVE) technique. This technique has obtained high quality luminescent
and electrooptic films of II-VI materials with better carrier concentration and mobilities. It can
facilitate growth of thin films under conditions close to thermodynamic equilibrium with a
minimum loss of material and has also obtained highly stoichiometric compound thin films [33].
Deposition parameters were optimized to obtain ZnTe:Cu layer with 5000 Å thickness.
Experiments were carried out by setting hot wall temperature at 350 0C, substrate temperature at
300 0C and Cu concentration of 6 atomic % (at%). Films were annealed at 300 0C for duration of
30 minutes as post deposition annealing reduces resistivity of the films. ZnTe:Cu films deposited
at 300 0C have shown better carrier concentration, mobility and conductivity [34]. Gessert et al
[35] have produced CdS/CdTe devices with efficiency of 11-12% with ZnTe:Cu layer thickness
of 5000 Å and a copper concentration of 6 atomic %.
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Optical transmittance of ZnTe:Cu thin film was measured using optical transmission
spectroscopy. The transparency spectrum for ZnTe:Cu is shown in Figure 9. It showed sharp
increase in transmittance at the wavelength of 548 nm, equivalent to band gap of 2.26 eV.
ZnTe:Cu Transmittance
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Figure 9: Optical transmittance and reflection measurements of ZnTe:Cu layer on glass
Transparency of the film increased as wavelength increased from 548 nm to 900 nm.
Transparency in the range of 548 nm to 700 nm was ~35-50 %. However for multiple bandgap
tandem PEC cell, transparency above 820 nm has to be taken into consideration as bandgap of
CdTe is ~1.5 eV, therefore most of the photons having wavelength till 820 nm would be
absorbed by CdTe absorber layer. Film showed ~55-65 % transparency in the range of 700 nm –
900 nm. Reflectance measurements were also carried on ZnTe:Cu to observe the absorption in
the ZnTe:Cu layer. Reflection measurements showed that reflection was reduced from ~15% to
10% as wavelength increased from 548 nm to 900 nm. As mentioned earlier transparency above
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820 nm is required for PEC tandem cell, therefore absorption above 820 nm has to be taken into
consideration. Reflectance above 820 nm was ~10% and transparency was ~65%, therefore there
was ~25% absorption in ZnTe:Cu layer. Thickness of ZnTe:Cu layer was calculated from the
transmittance spectra using following formula,
nλ = 2nrt,
where, n is constant that can be calculated from interference fringes of transmission spectra, λ is
wavelength, nr is refractive index of thin film and t is thickness of thin film. Thickness calculated
was 8540 Å. Thickness was also measured with Dektak profilometer to confirm thickness of
ZnTe:Cu layer obtained from transmittance spectra. Thickness measured with Dektak
profilometer was ~9200 Å.
Back contact interface layers used in series 2 and series 3 devices had Cu2Te and copper
thin layers respectively. Cu2Te and Cu thin films were characterized for transparency. Cu2Te and
Cu layers were thinner, consequently more transparent. Optical transmittance plots for both are
shown in Figure 10 and Figure 11.
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Figure 10: Optical transmittance of Cu2Te layer on glass
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Figure 11: Optical transmittance of Cu layer on glass
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3.1.2 Structural characterization of ZnTe:Cu

The structural properties of ZnTe:Cu thin film grown on glass substrate were
characterized by X-ray diffraction (XRD) technique. XRD pattern for ZnTe:Cu film deposited at
300 0C substrate temperature is provided in Figure 12. It showed the following reflections, (111),
(222), (333). The strongest reflection was from (111) set of planes, which was observed at 25.90,
followed by very small intensity reflections from (222) plane at 2θ = 52.420 and (333) plane at 2θ
= 81.960. XRD pattern confirms the cubic structure of ZnTe:Cu with highly textured orientation
in <111> direction i.e. {111} texture orientation.
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Figure 12: XRD plot for ZnTe:Cu
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3.1.3 Electron probe microanalysis of ZnTe:Cu

The stoichiometry of ZnTe film plays an important role in forming highly p-type
ZnTe:Cu thin films. ZnTe films were prepared without using hot wall to compare the
stoichiometry of ZnTe films to that with hot wall. The chemical composition of ZnTe films
prepared was analyzed by electron probe microanalysis (EPMA) technique. Average atomic
concentrations measured at 20 kV for samples with hot wall showed a Zn:Te proportion of
50.22: 49.78 while it was 53.05: 46.95 without hot wall. EPMA results for ZnTe prepared with
hot wall and without hot wall are shown in Table 3 and Table 4 respectively.
In order to form a highly stoichiometric film in case of compound thin films, it requires
either that evaporation must take place congruently that is in the form of complete molecules, or
if dissociation occurs that the constituents are equally volatile. However, very few compounds
evaporate congruently because constituents which are present in solid and liquid state usually
differ significantly in their vapor pressure. Consequently, the composition of the vapor and hence
of the condensate is not same as that of the source material [32].
When the hot wall is in between the source and substrate, it maintains the high vapor
pressure of all the constituents in a compound which aids in forming thin films with good
stoichiometry. Therefore, ZnTe films obtained with the hot wall has demonstrated high
stoichiometry as compared to films without hot wall. Hot wall also helps in growing film as near
as possible to thermodynamic equilibrium conditions because it reduce the difference between
the substrate and source temperatures improving quality of thin film.
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Table 3: EPMA results for ZnTe grown with hot-wall
No

Zn

Te

Total

1

49.86

50.13

100.00

2

49.56

50.43

100.00

3

49.95

50.04

100.00

4

50.10

49.89

100.00

5

50.47

49.52

100.00

6

50.13

49.86

100.00

7

50.22

49.77

100.00

8

50.36

49.63

100.00

9

50.83

49.16

100.00

10

50.69

49.30

100.00

Average

50.22

49.77

100.00

Table 4: EPMA results for ZnTe grown without hot-wall
No

Zn

Te

Total

1

53.62

46.37

100.00

2

53.23

46.76

100.00

3

53.02

46.97

100.00

4

53.18

46.81

100.00

5

52.91

47.08

100.00

6

52.78

47.21

100.00

7

52.76

47.23

100.00

8

52.90

47.09

100.00

9

53.07

46.92

100.00

10

53.02

46.97

100.00

Average

53.05

46.94

100.00
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Table 5 shows EPMA results obtained for ZnTe:Cu film with hot wall technique.
Average atomic concentrations measured at 20 KV showed Zn:Te:Cu proportion of 46.24: 51.16:
2.58. This proportion indicated that zinc atoms were replaced by copper atoms in ZnTe layer.
Therefore copper has doped ZnTe thus increasing possibility of obtaining highly p-type ZnTe:Cu
layer.
Table 5: EPMA results for ZnTe:Cu grown with hot-wall
No

Zn

Te

Cu

Total

1

46.9635

50.1438

2.8927

100.00

2

46.5565

50.8447

2.5988

100.00

3

46.5336

51.0415

2.4249

100.00

4

46.3954

51.1757

2.4289

100.00

5

46.4034

51.5361

2.0604

100.00

6

46.0672

51.2086

2.7242

100.00

7

46.3330

51.2960

2.3710

100.00

8

46.0792

51.4126

2.5082

100.00

9

45.4784

51.6811

2.8405

100.00

10

45.6867

51.3349

2.9784

100.00

Average

46.2497

51.1675

2.5828

100.00
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3.2 Deposition of back contacts on CdS/CdTe

Three back contact configurations were tried for completion of CdS/CdTe solar cells,
Glass/SnO2:F/CdS/CdTe/ZnTe:Cu/ITO/Ni-Al (Series 1),
Glass/SnO2:F/CdS/CdTe/Cu2Te/ITO/Ni-Al (Series 2),
Glass/SnO2:F/CdS/CdTe/Br-Me etching/Cu/ITO/Ni-Al (Series 3).
Structure of back contacts deposited on CdS/CdTe has primary p-type layer followed by
transparent and conducting ITO layer and then final Ni/Al metallization layer. Electrical and
optical properties obtained for all the series cells are described in the following sections.

3.2.1 Series 1

3.2.1.1 Current-voltage measurements
In series 1, ZnTe:Cu was deposited as a back contact interface layer on CdS/CdTe
samples with following deposition parameters, substrate temperature = 300 0C, hot wall
temperature = 350 0C, post-deposition annealing at 300 0C for 30 min, thickness of ZnTe:Cu =
5000 Å, amount of Cu = 6 atomic%. It was followed by deposition of transparent and conducting
ITO layer with 4500 Å thickness. Finally Ni-Al contact fingers were deposited with 500Å-3µm
thickness. Sample was characterized for current-voltage measurements. Current-voltage
characteristic of device is shown in Figure 13. PV parameters of the device were as follows, open
circuit voltage = 630 mV, short circuit current = 7.68 mA, fill factor = 37.91%, efficiency =
3.06%.
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The current-voltage curve showed characteristic behavior of diodes. The performance of
the device was mainly limited due to high series resistance. If current transport in device is
considered, it takes place through following three interfaces, CdTe/ZnTe:Cu, ZnTe:Cu/ITO,
ITO/Ni-Al. Carrier transport at ZnTe:Cu/ITO and ITO/Ni-Al takes place by tunneling. Possibly,
the contact formed at ZnTe:Cu/ITO interface was not a good contact because the p-type doping
was not sufficiently high. It is essential to dope ZnTe:Cu highly p-type to establish a tunneling
junction at the ZnTe:Cu/ITO interface for favoring low resistance current flow. However, if
ZnTe:Cu is not highly p-type then a good tunneling junction would not form and there would be
higher resistance to current flow. Voc of device was found to be low, may also be due to an
inadequate doping of CdTe as p-type. Fill factor of the device was 37.91%. The reduction in FF
was mainly due to high series resistance. The series resistance and the shunt resistance were
51.39 Ω and 260.11 Ω respectively.
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Voc = 630mV
Isc = 7.68mA
FF = 37.91%
Efficiency = 3.06%
Rsh = 260.11
Rs = 51.39
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Figure 13: Current-voltage characteristic for series 1 cell
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3.2.1.2 Optical transmittance measurements
As discussed earlier, transparent and conducting back contacts developed on CdS/CdTe
solar cells for PEC multiple bandgap tandem cell must be transparent in the infrared region
(~750-1150 nm). Initially transparency of CdS/CdTe sample was measured. Transmittance
measurement gave transparency of ~45-50% in 820-900 nm wavelength range. Series 1 cells
after deposition of ZnTe:Cu and ITO were characterized separately for transmittance analysis.
Transmittance spectra for CdS/CdTe/ZnTe:Cu and CdS/CdTe/ZnTe:Cu/ITO is shown in Figure
14.
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Figure 14: Optical transmittance of CdS/CdTe/ZnTe:Cu and CdS/CdTe/ZnTe:Cu/ITO
The bandgap of CdTe is ~1.5 eV. Therefore, it was expected that most of the
photons having wavelength till 820 nm would be absorbed by CdTe absorber layer. This was
confirmed in the transmittance graph. Transmittance for CdS/CdTe/ZnTe:Cu increased till 10%
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as wavelength increased from 820 nm to 840 nm. Transparency in the range of 840 nm to 900
nm was ~10-12 %. Sample was again characterized for transmittance after deposition of ITO.
Transmittance for CdS/CdTe/ZnTe:Cu/ITO increased till 8% as wavelength increased from 820
nm to 840 nm. Transparency in the range of 840 nm to 900 nm was ~8-10 %. There was not
much difference observed in transparencies measured after deposition of ZnTe:Cu and ITO.
However, there was much difference between transparency of CdS/CdTe (~45-50%) and
CdS/CdTe/ZnTe:Cu. Therefore, there was considerable high absorption in ZnTe:Cu layer when
it was deposited on CdTe.

3.2.2 Series 2

3.2.2.1 Current-voltage measurements
In series 2, Cu2Te was deposited as a back contact interface layer on CdS/CdTe.
Experiments were carried out by varying thickness of Cu2Te as follows: 50 Å, 60 Å, 75 Å. All
depositions were carried out at substrate temperature of 250 0C. The substrates were cooled to
room temperature. This was followed by deposition of transparent and conducting ITO layer
having a thickness of 4500 Å by RF magnetron sputtering. Finally Ni-Al contact fingers were
deposited with 500Å-3µm thickness. Samples were characterized for current-voltage
measurements.
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Series 2 devices discussed in this section have been grouped into three types based on
Cu2Te thickness,
Type A – 75Å Cu2Te,
Type B – 60Å Cu2Te,
Type C – 50Å Cu2Te.
Type A device had Voc of 480 mV and Isc of 3.47 mA/cm2. Type B device had Voc of 550
mV and Isc of 6.74 mA/cm2 while type C device had Voc of 690 mV and Isc of 8.70 mA. It can be
observed that device performance was increased as thickness of Cu2Te decreased from 75Å-50
Å. Table 6 gives device PV parameters as a function of Cu2Te thickness. From Table 6 it is
evident that Voc and FF increase with decrease in Cu2Te thickness. This is due to the improved
contact obtained as a result of the decrease in series resistance. Voc of device C has improved till
690 mV. It may be due to diffusion of Cu into CdTe making it more p-type. Current-voltage
curves of device A, B and C are shown in Figure 15, Figure 16 and Figure 17 respectively.
Table 6: Device PV parameters as a function of Cu2Te thickness
Device

Cu2Te

Voc

Voc

FF

Rs

Rsh

Efficiency

(Å)

(mV)

(mV)

(%)

(Ω)

(Ω)

(%)

A

75

480

3.47

41

137

291.26

1.29

B

60

550

6.74

41.5

40

321

3.8

C

50

690

8.70

45.19

38.03

337.07

4.52
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IV CdS/CdTe
Voc = 480mV
Isc = 3.47mA
FF = 31.11
Efficiency = 1.29%
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Figure 15: Current-voltage characteristic for series 2 device with 75 Å thickness of Cu2Te
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Figure 16: Current-voltage characteristic for series 2 cell with 60 Å thickness of Cu2Te
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Figure 17: Current-voltage characteristic for series 2 cell with 50 Å thickness of Cu2Te

3.2.2.2 Optical transmittance measurements
Transmittance measurements were carried out for series 2 cells after deposition of Cu2Te
and ITO using optical transmission spectrometer. Transmittance graph for CdS/CdTe/Cu2Te and
CdS/CdTe/Cu2Te/ITO is shown in Figure 18.
Transmittance for CdS/CdTe/Cu2Te increased till 35 % as wavelength increased from 820
nm to 840 nm. Transparency in the range of 840 nm to 900 nm was ~35-45 %. Therefore there
was not much absorption after deposition of Cu2Te as transmittance for CdTe was ~ 45-50%.
Sample was again characterized for transmittance after deposition of ITO. Transmittance for
CdS/CdTe/ZnTe:Cu/ITO increased till 30 % as wavelength increased from 820 nm to 840 nm.
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Transparency in the range of 840 nm to 900 nm was ~30 - 40 %. Therefore there was not much
absorption after deposition of ITO in device.
CdS/CdTe/Cu2Te
CdS/CdTe/Cu2Te/ITO
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Figure 18: Optical transmittance of CdS/CdTe/Cu2Te and CdS/CdTe/Cu2Te/ITO

3.2.3 Series 3

3.2.3.1 Current-voltage measurements
In series 3, CdS/CdTe samples were initially etched with bromine methanol solution
followed by copper evaporation. Experiments were carried out by varying bromine methanol
concentration and thickness of Cu. All depositions were carried out at room temperature. It was
followed by deposition of transparent and conducting 4500 Å thick ITO layer. Finally Ni-Al
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contact fingers were deposited with 500Å-3µm thickness. Table 7 shows PV parameters obtained
for the device with different etching concentrations and Cu2Te thickness.
Table 7: Device PV parameters as a function of etching concentration and Cu2Te thickness
Soln.

Etching

Thickness

Voc

Isc

FF

η

Rs

Rsh

conc.

time

of Cu2Te

(mV)

(mA)

(%)

(%)

(Ω)

(Ω)

(%)

(sec)

(Å)

C1

0.1

2

50

540

7.06

42

4.08

33.96

250

C2

0.15

2

50

550

8.22

40

4.51

29.22

157.89

C3a

0.2

2

50

550

7.25

40

4.03

32.86

200

C3b

0.2

4

50

550

9.70

42

5.63

25.65

250

C4

0.25

2

50

510

7.19

37

3.39

37.03

145.16

C5

0.3

2

50

510

7.54

40

3.85

32.60

209.30

C1

0.1

2

150

490

6.75

37

3.11

46.63

101.12

C2

0.15

2

150

500

7.28

41

3.75

37.34

281.25

C3

0.2

2

150

430

8.54

36

3.32

29.12

121.62

C4

0.25

2

150

440

6.98

35

2.72

40.35

116.88

C5

0.3

2

150

430

8.27

32

2.88

35.01

86.53

ID

In C1, C2, C3 (50 Å) samples, the concentration was varied keeping etching time and
copper thickness constant. Etching produces Te rich layer and thin layer of Cu2Te is expected to
form when copper is deposited. Amongst C1, C2 and C3 samples, sample C2 gave maximum
efficiency. It may due to etching concentration and time together were tuned with copper
thickness giving Cu2Te layer with the requisite stoichiometry. In case of sample C1, etching may
be inadequate and copper was in excess leaving some Cu rich layer and in case of C3 etching
was excessive and copper amount was inadequate leaving Te rich layer thus not forming Cu2Te
layer with the requisite stoichiometry. In samples C3a and C3b, the etching concentration and
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copper thickness are kept constant and etching time was varied. The sample C3b gave higher
efficiency as compared to sample C3a. Therefore, in case of sample C3a, a Te rich layer was
inadequate and the copper thickness was excessive leaving a Cu rich layer in device. Devices
with 100 Å Cu2Te thicknesses were also prepared. However, the current-voltage curves showed
straight line path. It may be due to the shunting of the device and hence those results were not
included in the Table 7. It can be seen from Table 7 that 50 Å equivalent Cu2Te layer thicknesses
gave better PV parameters as compared to 150 Å equivalent thicknesses which also confirmed
results in series 2 device and a fact that devices with equivalent 50 Å Cu2Te thickness were
producing better results. In series 3, maximum Voc obtained was 550 mV may be due to low
doping of CdTe as p-type. This may be due to less diffusion of Cu in CdTe as all the depositions
were carried out at room temperature. Current-voltage curves for devices with 50 Å Cu2Te
thickness are given in Figures 19-24 and current-voltage curves for 150 Å Cu2Te thickness are
given in Figures 25-29.
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Figure 19: Current-voltage characteristic for series 3, C1 cell with 50 Å thickness of Cu2Te
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Figure 20: Current-voltage characteristic for series 3, C2 cell with 50 Å thickness of Cu2Te
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Figure 21: Current-voltage characteristic for series 3, C3a cell with 50 Å thickness of Cu2Te
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Figure 22: Current-voltage characteristic for series 3, C3b cell with 50 Å thickness of Cu2Te
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Figure 23: Current-voltage characteristic for series 3, C4 cell with 50 Å thickness of Cu2Te
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Figure 24: Current-voltage characteristic for series 3, C5 cell with 50 Å thickness of Cu2Te
Voc = 490 mV

0.008

Isc = 6.75 mA
FF = 37 %
Efficiency = 3.11%

Current (Amp)

0.006

Rsh = 101.12 Ω
Rs = 46.63 Ω

0.004

0.002

0
0

0.1

0.2

0.3

0.4

0.5

Voltage (V)

Figure 25: Current-voltage characteristic for series 3, C1 cell with 150 Å thickness of Cu2Te
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Figure 26: Current-voltage characteristic for series 3, C2 cell with 150 Å thickness of Cu2Te
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Figure 27: Current-voltage characteristic for series 3, C3 cell with 150 Å thickness of Cu2Te
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Figure 28: Current-voltage characteristic for series 3, C4 cell with 150 Å thickness of Cu2Te
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Figure 29: Current-voltage characteristic for series 3, C5 cell with 150 Å thickness of Cu2Te
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3.2.3.2 Optical transmittance measurements
The optical transmittance measurements were initially carried out individually for
samples of CdTe etched with bromine methanol solution (0.2% concentration) and copper
deposited, bromine methanol etched CdTe sample to observe the effect of etching and copper
deposition on transmittance. Figure 30 and 31shows transmittance spectra for these samples. The
transmittance was reduced to ~ 8 - 9 % after etching CdTe sample. It may be due to formation of
non-transparent Te rich layer on top of CdTe due to etching. After deposition of Cu,
transmittance was increased to ~ 40 %. This may be due to formation of CuxTe layer after
deposition of Cu as CuxTe layer is transparent.
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Figure 30: Optical transmittance of CdS/CdTe/Br-Me etching
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Figure 31: Optical transmittance of CdS/CdTe/Br-Me etching/Cu
Optical transmittance measurements of series 3 cells were carried out with
CdS/CdTe/Etch-Cu/ITO configuration. Transmittance measurements for all the samples with 50
Å Cu2Te thickness are shown in Figure 32. Transmittance for all samples was above 50% in 840
nm – 900 nm region. Sample C3b and C4 showed very good transparency of 75-80% in 840 nm –
900 nm region. Sample C2 and C5 showed transparency of 60-65% in 840 nm – 900 nm region
and sample C1 and C3a showed transmittance of ~50% and ~60% in the same region
respectively. Sample C3b and C4 showed transparency much greater than CdTe samples.
Therefore after deposition of ITO layer, transmittance was further increased as compared to
sample with CdTe/Br-Me etching/Cu configuration. Samples with 100 Å Cu2Te thickness
showed transparency of ~40-50% in 840 nm - 900 nm range. Samples with 150 Å Cu2Te
thickness showed transparency of ~45-60% in 840 nm - 900 nm range.
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Figure 32: Optical transmittance of CdS/CdTe/Br-Me etch/Cu/ITO with 50Å thickness of Cu2Te
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CHAPTER 4: CONCLUSIONS
The objective of the present study was to develop transparent and conducting back
contacts for CdS/CdTe thin-film solar cells for photoelectrochemical (PEC) application. As a
result of this study, three types of back contacts have been studied for CdS/CdTe thin film solar
cell. Solar cell devices have been successfully fabricated with these back contacts.
The ZnTe:Cu layer used as a back contact interface layer for series 1 cells needs to be
highly p-type, conducting and transparent in order to form a better ohmic contact with CdTe. A
hot wall vacuum evaporation (HWVE) setup developed for ZnTe:Cu layer was used to obtain
highly stoichiometric ZnTe thin films. The ZnTe:Cu layer prepared with HWVE technique
showed a proportion of 46.24: 51.16: 2.58 which indicates that Zn atoms were replaced by Cu
atoms in ZnTe thus increasing the possibility of obtaining highly p-type ZnTe:Cu layer which is
necessary to form good ohmic contact with CdTe. Hence, HWVE proved to be a successful
technique for obtaining a p-type ZnTe:Cu layer. This technique also resulted in developing a
ZnTe:Cu layer with better structural properties as X-ray diffraction analysis indicated that a
cubic phase was formed in ZnTe:Cu layer with predominantly {111} textured orientation.
The back contact interface layers for all the series showed good transparency on glass in
the infrared region required for PEC applications. However, transparency of the series 1 and
series 2 cell back contacts was lower when deposited on CdTe. This loss in transparency was
attributed to the fact that there was more absorption in the back contact interface layers when
they were actually deposited on CdTe. Series 2 cells showed almost same transparency as
compared to CdTe samples. Series 3 cells demonstrated better transparency results even greater
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than unetched CdTe samples. This was attributed to beneficial reaction occurring due to mild
etching of CdTe.
PV parameters obtained for all the series cells indicated that device performance was
mainly limited due to high series resistance in the device. The PV parameters for the series 1 cell
measured at an irradiance of 1000W/m2 were: open circuit voltage, Voc = 630 mV, short circuit
current, Isc = 7.68 mA/ cm2, fill factor, FF = 37.91 %, efficiency, η = 3.06 %. The PV
parameters for the series 2 cell measured were: Voc = 690 mV, Isc = 8.7 mA/ cm2, FF = 45.19 %,
η = 4.8 %. And the PV parameters for the series 3 cell measured were: Voc = 550 mV, Isc = 9.70
mA/ cm2, FF = 42.25 %, η = 5.63 %.
In the series 1 cell, poor performance was attributed to the possibility of forming a nonohmic back contact at CdTe/ZnTe:Cu interface. It also increased the series resistance in the cell,
thus deteriorating the fill factor of the device. The open circuit voltage was also lower compared
to that in series 2 cell mainly due to inadequate p-type doping of CdTe. In series 2, the open
circuit voltage was maximum amongst all the series. This was attributed to effective diffusion of
Cu in CdTe making it highly p-type. Series 3 cells gave maximum current density and efficiency
in all the series devices however, with a lower open circuit voltage as compared to series 2
device. High current density was mainly due to formation of a better ohmic contact with CdTe
and hence low series resistance in the device. The lower open circuit voltage of the device was
attributed to lower diffusion of Cu in CdTe as deposition was carried out at room temperature.
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